The 'directionality' of mating-type switching in budding yeast is determined by mechanisms that regulate genetic recombination along the whole left arm of chromosome III. In MATa cells, a cis-acting 'recombinational enhancer' activates this entire region, while in MAT␣ cells the enhancer is turned off by the ␣2 repressor. Address The mating-type system of the budding yeast Saccharomyces cerevisiae has presented molecular biologists with a host of interesting biological problems to explore. Cell-surface receptors, intracellular signaling, gene activation and silencing, and asymmetric cell division are just some of the areas in which investigation of this modest unicellular eukaryote has provided fundamental insights over the past several decades. However, one particularly interesting property of the mating-type system, the way in which cells choose the correct donor locus in order to switch mating type efficiently, has remained stubbornly resistant to this molecular attack. Now Wu and Haber [1] have provided the outlines of a very satisfying explanation of this longstanding mystery. Their systematic analysis of the switching process has now culminated in the discovery of a cis-acting element that controls recombination along the entire left arm of chromosome III in yeast.
The mating-type system of the budding yeast Saccharomyces cerevisiae has presented molecular biologists with a host of interesting biological problems to explore. Cell-surface receptors, intracellular signaling, gene activation and silencing, and asymmetric cell division are just some of the areas in which investigation of this modest unicellular eukaryote has provided fundamental insights over the past several decades. However, one particularly interesting property of the mating-type system, the way in which cells choose the correct donor locus in order to switch mating type efficiently, has remained stubbornly resistant to this molecular attack. Now Wu and Haber [1] have provided the outlines of a very satisfying explanation of this longstanding mystery. Their systematic analysis of the switching process has now culminated in the discovery of a cis-acting element that controls recombination along the entire left arm of chromosome III in yeast.
To appreciate these results and their significance, it is necessary to understand some of the basic features of mating-type regulation in yeast. Haploid yeast cells exhibit either an a or ␣ mating phenotype, depending upon which set of genes, a or ␣, are present at a locus called MAT, which is found to the right of the centromere on chromosome III. Two other loci on chromosome III, called HML and HMR, contain transcriptionally silent copies of mating-type genes. The HML and HMR silent loci, which reside near the left and right telomeres, respectively, serve as donors of information in a gene conversion event, called mating-type switching, that changes the information present at the MAT locus, and thus the mating phenotype of the cell (see Fig. 1 ).
The mating-type switching event is initiated by a doublestrand break at the MAT locus, induced by the HO endonuclease, and is under a complex and bewildering set of controls. In particular, switching requires that three criteria are met: that the cell is a mother (that is, it has already budded at least once); that the cell is in G1 phase of the cell cycle (before chromosome duplication); and that the cell lacks the a1-␣2 repressor (which turns off switching in a/␣ diploid cells) [2] . What concerns us here, though, is that the process is remarkably efficient: in typical strains, experienced (mother) cells can successfully switch mating type more than 80 % of the time. As the cell has two donors to choose from, one which will result in a change at MAT and the other not, this result implies that cells 'know' which donor locus to choose for recombination.
How, then, does a MATa cell know to choose ␣ information and vice versa? In early experiments, two groups showed that, in fact, they do not: MATa cells choose HML, which usually contains ␣ information, whereas MAT␣ cells preferentially choose HMR, where silent a information is usually found [3, 4] . When the silent information at HM loci is swapped, cells are 'fooled' and mating-type switching is very inefficient, because homologous information is predominantly chosen for the recombination event. This result indicated that the important coding difference between HML and HMR -Y␣ versus Ya -does not Silenced region determine donor preference. The next logical idea, that neighboring sequence differences between HML and HMR might determine donor preference, was then rigorously tested by Weiler and Broach [5] . Their results clearly disproved this hypothesis and led them to suggest that donor selection is based upon some mechanism that distinguishes between the two arms of chromosome III.
At this point, Wu and Haber [6] , perhaps encouraged by the fact that the complete chromosome III sequence had been determined, set out to test this hypothesis directly. They engineered a series of strains in which the normal HML locus was deleted and an HMR␣ 'cassette' was placed at regular intervals along the left arm of the chromosome. The normal HMR locus in these strains also contained ␣ information, with a single silent change in the Y␣ region creating a unique restriction site. In this way, the two competing donors were nearly identical, and donor choice could be readily distinguished by a Southern blot after the induction of a switch. In the initial experiments, Wu and Haber [6] examined four different sites, 22, 41, 67 and 91 kilobases (kb) from the telomere of the chromosome III left arm (the HML locus is normally only 12 kb from the telomere). Their results were clear and striking: the two most telomere-proximal sites were strongly preferred donors, similar to the normal HML locus, while the two more centromere-proximal sites were no more efficient than HMR as donors.
From this result, Wu and Haber [6] argued that a large region of the left arm of chromosome III (≥40 kb) is activated to provide a donor in the mating-type switching event. Furthermore, they showed that this donor preference is abolished by ectopic expression of the negative regulator ␣2 in MATa cells. Interestingly, they also found that a completely different recombination event, between two alleles of the LEU2 gene, is dramatically stimulated in MATa, but not MAT␣, cells when one of the alleles is present within the large region on the left arm of chromosome III. The results thus suggested that this region of the left arm of chromosome III might be generally activated for recombination in a cells, but turned off in ␣ cells by the action (direct or indirect) of the ␣2 protein, a known transcriptional repressor of a-specific genes.
In a parallel set of experiments, Haber and colleagues [7] have also examined the chromosomal position-effect governing donor preference in MAT␣ cells. Here they found, surprisingly, that a different mechanism is used to select the correct donor locus. In MAT␣ cells, a large region (~175 kb) of the left arm of chromosome III is inactivated. When HMR is deleted from its normal site near the right telomere and placed anywhere within this large domain to the left of the MAT locus, it is used very inefficiently as a donor; so inefficiently, in fact, that the cells often die after HO cutting at the MAT locus, presumably because the donor locus is suppressed and the chromosome break is not repaired.
In a recent paper, Wu and Haber [1] have now brought this problem into sharp focus by identifying a short cisacting 'enhancer' that stimulates genetic recombination across the whole left arm of chromosome III. The enhancer was initially identified by a large-scale deletion analysis, which took advantage of the high frequency of homologous recombination in yeast and the ease with which a novel telomere, necessary for the recovery of the deleted chromosome, can be generated. The loss of essential genes in this process was complemented by an autonomous plasmid containing a good part of the left arm of chromosome III (the presence of this DNA on an autonomous chromosome provided a neat demonstration that the enhancer must act in cis). This analysis is an excellent demonstration of what can be done when genome sequence information and the powerful techniques available for manipulating yeast chromosomes in vivo are applied to a specific problem.
The recombination enhancer identified by Wu and Haber [1] has some remarkable properties. To begin with, it affects a truly large chromosomal domain. It is located about 17 kb to the right of the HML donor locus and is clearly necessary for normal levels of recombination over at least the first 92 kb of the left side of chromosome III. As its name implies, the function of the enhancer is orientation-and position-independent, at least in initial tests. This has been demonstrated by placing an extra copy of the enhancer (in either orientation) adjacent to the HMR locus in MATa cells. With this arrangement, both silent loci are used as donors with equal efficiency. It may be interesting in the future to examine the function of this element on another yeast chromosome. Finally, as predicted from early work, the enhancer is also required for the striking activation of heteroallelic leu2 recombination observed on the left arm of chromosome III in MATa cells. It is therefore not specific for the mating-type switching event, but instead appears to have a general effect on recombination.
The enhancer has been localized to a 700 base pair (bp) intergenic region with some unusual sequence features, most notably two stretches of repeats of the 4 bp sequence TTTA/G, one with 10 copies (with a single mismatch) and the other with 16 copies (and two mismatches). Wu and Haber [1] point out that there are only three other places in the whole yeast genome where there are runs of even five such repeats. Nonetheless, the longest repeat stretch in the enhancer is clearly not essential for function, as a 361 bp subfragment of the element that lacks them is still partially active. Furthermore, it is at present unclear how these unusual repeats could be related to the ability of the enhancer to activate recombination.
One striking feature of the enhancer that seems likely to be functionally important is a 31 bp sequence that shares complete identity with the essential bases in the consensus DNA binding site for the ␣2 protein. Another perfect match to this consensus element is found only 1.5 kb away from the first site, which is itself embedded within the 361 bp partially-active subfragment mentioned above. A reasonable and very testable inference from this observation is that the inactivation of the enhancer in MAT␣ cells is a direct result of ␣2 binding. It could be significant that neither of these two putative ␣2 binding sites are associated with obvious open reading frames, unlike all others identified to date which are found no more than 500 bp from the transcription start site of an a-specific gene. However, the question of whether the enhancer produces an RNA has not yet been addressed.
Just as important as what happens in the presence of the enhancer is what happens in its absence. Deletion of the enhancer in MATa cells does not lead to a situation in which HML
and HMR are used equivalently as donors. Instead, HML seems to be actively discriminated against, as it is in MAT␣ cells. In this light, the influence of the enhancer can actually be seen to extend at least 92 kb from the left telomere of chromosome III, because its presence relieves recombination suppression at this distance. The effect of the enhancer may even spread beyond the centromere, though this has not yet been tested directly. The effect of the enhancer does appear to fall off with distance, however, although only a relatively small number of sites have been tested so far.
Taken together, these results have lead Wu and Haber [1] to propose that there are actually two opposing forces that generate donor preference in MATa cells: a constitutive inactivation of the left arm of chromosome III -seen in MATa cells when the recombination enhancer is deleted and in wild-type MAT␣ cells -and a specific activation of this region when the enhancer is present. These are illustrated in Figure 2 . The mechanism of constitutive inactivation of the left arm is at present a complete mystery, though the data reported to date indicate that this phenomenon does not require any sequence within the first 67 kb of this chromosome arm.
How might the recombination enhancer work? Wu and Haber [1] make the plausible suggestion that it initiates a chromatin structural change that is propagated along the whole chromosome arm. There is ample evidence that a now well-characterized chromatin alteration at HML and HMR, transcriptional silencing [8, 9] , can affect both nucleotide-excision repair [10] and the requirements for HO-induced recombination itself [11] . Yet it seems clear that the recombination enhancer does not act at the level of silencing. It neither induces the transcription of HML nor does it make HML accessible to the HO endonuclease (as does a loss of silencing following, for example, mutation of a SIR gene). The extremely long distance over which the recombination enhancer exerts its effect also distinguishes it from transcriptional silencing, which normally spreads only about 5 kb from telomeres and even less outside the boundaries of the HM silent loci [12, 13] .
One possibility is that the recombination enhancer works at a more 'subtle' level of chromatin structure that is invisible to the transcriptional apparatus, but nonetheless exerts a powerful effect on the recombinational machinery. An alternative possibility is that the enhancer works by affecting the location of the chromosome III left arm within the nucleus, for example by removing it from a site where it cannot interact with other chromosomal regions. As Wu and Haber [1] point out, however, this model does not explain the effect of the enhancer near HMR, a region not normally suppressed for recombination in the way that the chromosome III left arm is in MAT␣ cells.
One should also consider possible models in which the enhancer affects the topology of large chromosomal domains which might control their access to recombinational machinery. Perhaps the most compelling argument against models of this sort and in favor of a chromatin structural change propagated by the enhancer is the observation that its effect falls off with distance, though this clearly needs to be examined more carefully. The transcriptional silencing that emanates from telomeres, and that clearly involves direct chromatin interactions, also shows a strong (inverse) dependence upon distance from the site of initiation. It seems clear now that further understanding of the recombinational enhancer will require the identification and characterization of proteins that bind to it and other factors that affect its function. The localization of the enhancer to a relatively small fragment of DNA should help in achieving the first aim. Perhaps more importantly, though, is the potential to design more general recombination assays to measure enhancer function, which could assist in the identification and characterization of the trans-acting factors that make this remarkable element work. It seems likely that a machine with such literally farreaching effects will have more than just a few moving parts. In fact, one potential candidate already exists. Broach and colleagues [14] have recently shown that the previously-identified CHL1 gene plays a role in donor selection in MATa cells, and so may interact in some way with the enhancer. However, as mutation of CHL1 also reduces the mitotic stability of many different chromosomes, its effect on switching could turn out to be indirect.
Finally, one is struck by the parallels between the control of yeast mating-type interconversion described here and several different long-range chromosomal effects associated with sex determination in larger eukaryotes. The most dramatic of these is perhaps X chromosome inactivation in mammals, where a discrete locus, XIC, acts in cis to inactivate an entire chromosome (reviewed in [15] ). Different strategies for dosage compensation in sex determination are employed by both Drosophila and Caenorhabditis elegans [16] , either of which could share some mechanistic similarities with the regulation of chromosome III in yeast. Given the impressive array of powerful molecular genetic tools available in yeast, we can anticipate that the breakthrough described by Wu and Haber [1] will lead before long to a satisfying molecular picture of at least one mechanism by which a very large chromosomal domain can be regulated. Because all of these regulatory systems must ultimately act upon nucleosomes, which are of course highly conserved between yeast and humans, we should not be surprised if the yeast mating-type system once again tells us something very basic about cell biology.
